In this paper, a frictional damper is proposed for suppression of chatter in slender endmill tool. This damper is made up of a core and a multi fingered hollow cylinder. The core is press fitted into the hollow cylinder, and they both are press fitted into an axial hole inside the tool. This combination produces a resisting frictional stress against bending vibration. An analytical model including accurate modeling of friction in sliding and pre-sliding regions is developed for this damper. Based on the simulation of the analytical model a parameter study is done to achieve optimum parameters of damper that increases the stability limit as much as possible. Finally, the optimal damped tool with damper inside is fabricated and experimentally tested in compare with traditional tool. The results show a considerable improvement in tool performance. An acceptable agreement between analytical and experimental results is obtained which show the effectiveness of damped tool in improvement of tool performance.
Introduction
Chatter phenomenon is a self excited vibration that occurs during material removal. Chatter is a limiting factor in machining process, and it reduces surface finish quality, tool permanency, and speed of manufacturing. Many approaches are done to increase the stability of machining process via avoiding chatter in order to improve the performance of machining process. Proposed approaches are divided into two main categories, control of the cutting process, and control of machine tool structure. Most of efforts on control of the cutting process are based on variation of spindle speed to seek a stable region of cutting on stability lobe diagram, e.g. use of a continuously variable spindle speed as a means of suppressing chatter in milling is investigated in [1] [2] that propose a method for programming spindle speed variation for machine tool chatter suppression that is based on varying the spindle speed for minimum energy input by the cutting process. Bediaga et al. [3] according to the region on the stability lobe diagram where the process is located, avoid chatter by taking the machine to a stable spindle speed. These approaches need to a very exact prediction of machining behavior.
Control of machine tool structure is further divided into active control, semi-active control and passive control methods. In active structural control approach, the stability lobes of the machine and tool are actively raised. This allows machining with a higher rate of material removal for every spindle speed. A theoretical and experimental investigation into the stability of a slender boring bar under regenerative cutting conditions is presented in [4] where the boring bar has been equipped with actuators and sensors for feedback control of its structural dynamics. Dohner et al. [5] experimentally validated an active control approach for mitigating chatter in milling. The active control system used in [5] is implemented using actuators and sensors surrounding spindle and tool. Semi active structural control approaches are mainly based on online adjustment of structure properties like damping or stiffness e.g. active mass damper used in [6] , that is implemented on a mechatronic chatter simulator to investigate its effect on stability. In some semi active chatter control studies the Magnetorheological (MR) fluid, which changes stiffness and undergoes a phase transformation when subjected to an external magnetic field, is applied to adjust the stiffness of the system and suppress chatter e.g.| improvement of damping capability of boring tools and suppression of chatter using MR damper is investigated in [7] . Also, chatter suppression method based on a MR fluid controlled boring bar for chatter suppression is developed in [8] . Active and semi active strategies are very effective, but these approaches especially active control are expensive needing complicated setups.
Passive methods are other approaches for suppressing chatter which are less effective, but ease of usage causes them to be vastly used during recent years. Passive vibration attenuation has been employed successfully and efficiently in machining systems such as turning and milling. Merritt [9] implies that by increasing damping capacity of the machining system, it can be used more effectively. Increase of damping leads to increase the dynamic stiffness of the system which is a product of modal stiffness and damping ratio. Dynamic stiffness proportionally affects stable chatter-free depth of cut [9] [10] . In order to increase the damping capacity of system in passive structural control, various kinds of dampers are used. The simplest kind of passive damper is a dynamic absorber mass connected to the main system through passive spring and damper elements (tuned mass damper) used in [11] . Rashida and Nicolescu [12] present the development and testing of tuned viscoelastic dampers for vibration control through their application on a workpiece in milling operations. It is well known that for vibration absorbers to function effectively their stiffness and damping must be accurately tuned based upon the natural frequency of the vibrating structure. Impact dampers are also used to suppress chatter in boring and drilling in [13] [14] . These dampers are composed of a free mass equipped in a hole with a certain clearance and act like tuned mass dampers. Also, Semercigil and Chen [15] attempted suppression of chatter vibration in endmilling process by using an impact damper. Mass and clearance of impact dampers like stiffness and damping of tuned mass dampers need to be accurately tuned according to the natural frequency of the structure.
Another kind of passive dampers is frictional damper that is successfully used for chatter suppression with no need to tuning. Damping in friction dampers is generated due to friction between parts of damper e.g. in order to increase damping capacity of the system Marui et al. [16] made a rectangular hole in a boring bar and inserted a plate a bit larger than the hole in it. Friction between the hole and plate during bending vibration causes energy dissipation that improves damping and stability of the tool. Edhi and Hoshi [17] introduce a typical design of a frictional damper with experimental proof of its effectiveness in eliminating high frequency chatter of fine boring. This damper is characterized by a simple structure that consists of an additional mass attached to the main vibrating structure with a small piece of permanent magnet. Ziegert et al. [18] and Kim et al. [19] propose another friction damper inside a milling tool. This damper is a hollow multi fingered cylinder inserted inside the tool. During the milling process when the tool is rotated centrifugal force creates a pressure between fingers and tool body that causes energy dissipation via friction work during bending vibrations. This damper improves the efficiency of tool up to 53% in the best case. In this paper, the proposed damper in [18] [19] is modified and represented with a core among the fingers. The aim is to reach a higher level of tool efficiency. In order to investigate the effect of damper on stability of the milling process, a new analytical model is developed, and experimental cutting tests are performed.
Friction damper structure
As mentioned above, the proposed damper in this paper, is composed of a multi fingered hollow cylinder, and has a solid cylinder core in the middle that is press fitted in multi fingered hollow cylinder. Composition of fingers and core is press-fitted in an axial hole created inside the tool body, as well. Constitutive parts and assembling scheme of the damper are depicted in Fig. 1 . In this figure, the machining force, which is imposed to the tool tip, will be in x and y directions. Press fitting causes an enhanced pressure between the parts, that makes the effect of damper more sensible. This is because of increasing the amount of frictional force between the surfaces. The effect of press fit pressure seems to be much more than centrifugal effect. The way of calculating this pressure is discussed by Timoshenko and Goodier [20] . Furthermore, existence of the core leads to having more friction surfaces that give greater damping effect. An analytical model for this damper is proposed here that is used to analysis and parameter study of the damper. Figure 2 shows the cross section of tool with damper inside it. 
Fig. 3-Friction force versus relative displacement in a contact
The relative displacement between surfaces is obtained as a quadratic function along the tool in [18] which continuously reaches from a maximum value at the tool tip to zero at the clamped end of the tool. As a result, pre-slip region will surely occur in the damper, and full slip consideration is not a true consideration. So in order to investigate the effect of damper more accurately in the first step relative displacements on proposed damper contact surfaces are obtained below.
Similar to [18] the tool with damper inside is modeled as a cantilever beam of length l. Denoting the tool body as b, damper core as c, and the fingers as f i (ith finger), and where E and I are the modulus of elasticity and the second moment of area of the cross sections, respectively, the deflection at the tip, ∆ , is given by:
Where b F , c F , and fi F are respectively the portion of the applied force required to deflect the tool body, Damper core, and ith finger. Sum of these forces on the body, core and the fingers must be equal to the total applied load from workpiece ( w F ):
Combination of equations (1) and (2) gives: . In these equations
where s is width of slits and i φ (where:
) is the angle between X axis and a line connecting center of tool and center of ith finger (Fig. 4) . Eq. (12) shows the function of relative displacement along contact surfaces. Noting Eq. (12) and Fig. 3 , relative displacement and resulted friction force along contacts can be determined as depicted in the Fig. 5 . 
follows [20] :
where
. Solving this equation for three parts including core, fingers, and tool body, and applying boundary conditions gives the pressures between contact surfaces ( in P at 1 r and out P at 2 r ). For parts made by the same material, the pressures will be obtained by solving the following set of equations: Having these pressures, the equal moment caused by damper for inside and outside contact surfaces, can be expressed by integrating resulted friction force multiplied in distance of surfaces of fingers from centers of fingers, core, and tool body. Figure 4 shows a part of cross section of tool with damper inside during bending deflection and bending induced friction forces. Damper force is created because of sliding between surfaces of parts as shown in Fig. 4 .
For considered direction of deflection of Fig. 4 on the external surface of fingers and internal surface of tool body there will be such a displacement that will cause a friction resistive force towards inside the plane on tool body and an exciting friction force towards outside the plane on finger body. The friction force is resulted from two regions, as mentioned above, and the normal force on each point is taken as PdA dN = where the element of area dA for internal and external contacts is respectively equal to dz d r dA I It is obvious that in Eq. (21) Having the model of milling process [6] and damper (equations (17-21) ), the damped milling process can be simulated, using Simulink. This time domain simulation will be the reference for discussion of damper performance in parameter study section. Slotting kind of milling operation is considered to obtain the stability lobe diagram ). The average of stable depth of cut from this diagram, which includes the limit of stable depth of cut for spindle speeds from 1800 to 6000 by increment of 50 rpm, is about 3.1mm. This stability lobe diagram is depicted in Fig. 8 , and compared to the stability lobe diagram of the optimally damped tool that is discussed below. Here, the average of stable depth of cut is considered as the index of damper performance.
In order to estimate the optimum values for damper parameters, table 1 is produced. In each row, external radius of the damper ( 2 r ) is changed from 4 to 6mm, by step of 0.5mm, and in every column, internal radius of the damper ( 1 r ) is changed from 1 to 3mm, by step of 0.5mm. The hollow cylinder is considered with four fingers ( 4 = f N ), and interferences for both internal and external surfaces (respectively: 1 e and 2 e ) of the damper are taken equal to 5 microns, in order to calculate pressure between damper layers. In each box of the table, an average of limit of stable depth of cut for damped tool due to related damper dimensions of that box is recorded. This average is the average of stable depths of cut in stability lobe diagram that is obtained as mentioned before. Table 2 shows that the best choice for the number of fingers is 6. Table 2 -Average depth of cut in stability lobe diagrams for different numbers of fingers in damper For a similar damper, investigated in [18] and [19] , this number is obtained equal to 8 or higher. This difference may be due to the effect of slits width (s) that is assumed in developed model of this paper. Increasing of the slits number that is necessary for the increasing number of fingers, leads to a reduction in the amount of friction surface, and it will decrease the effect of damper. It is obvious that decreasing the width of slits to zero will lead to a very better damper with a different parameter study that will give friction even between fingers, but this is a very ideal wish with a high price. Figure 7 shows stability lobe diagrams for the undamped tool and the tool with optimal damper inside. 
Experiments
In order to investigate the effect of damper on stability of cutting process, damped tool is experimentally tested and compared to the simple tool. The cutting conditions assumed here, are like considered conditions in parameter study section.
Cutting test
Based on the derived results, a tool with a damper inside it is manufactured as Fig.  8 . Wire electrodischarge machining is used to form fingers of the damper.
Fig. 8-Damper parts manufactured and assembled
In order to validate the analytically obtained Stability lobe diagrams, a chatter detection test is performed. Chatter detection here is done by recording sound of process via a condenser microphone (ATR6550 Audio-Technica) on a PC system with Cool edit software (Fig. 9) . The sound was recorded as a 16bit mono wav file with 22kHz sampling frequency. As it can be seen in the Fig. 9 , the microphone was held in 5 cm distance from the cutting process. Matlab FFT is used to obtain power spectrum of the process [22] . The test is performed for both simple and damped tools installed on two models of King Grand milling machines: X6325B and X6330 with 1860, 2220, 2920, 3500, 4540, and 5440 rpm spindle speeds. Depth of cut is varied from 0.5 to 5 mm with increment of 0.25mm. Workpiece and operation characteristics are the same as used parameters in obtaining analytical stability lobe diagram. Fig. 9 -setup of chatter detection test using microphone As a sample, power spectrum of the milling process in 3500 rpm spindle speed and 2.5mm depth of cut is shown in the Fig. 10 . It can be seen that the amplitude of the sound at chatter frequency (near natural frequency of the first mode) for the damped tool is much lower than the simple tool which shows that the chatter is taken place in simple tool but not in the damped tool. 
Surface finish
Cutting test in order to investigate the effect of damper on surface finish is performed. The test is performed for both simple and damped tools installed on an X6330 King Grand milling machine. Table 3 illustrates the surface finish for damped tool and undamped tool on a workpiece with above mentioned characteristics. The effect of damper on improvement of the surface can be seen in this table. 
Conclusion
In this paper, a new damper for face milling is represented that is an evaluated
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Vol. 5, No. 2, 2011 generation of inside tool dampers. An analytical model for damper behavior is derived that includes pre-slip and slip. Based on the analytical model and dynamics of the milling process the damped milling process is simulated. In order to manufacture the most effective damped tool which should increase the stable depth of cut more than the others, a parameter study based on the simulated model is performed. Different values for damper parameters are considered to achieve the optimal characteristics of the damper, noting the results of simulation. The optimum tool is then manufactured, and in order to validate the results taken from model, a chatter detection test is done for the damped tool. Analytical results show a notable increasing in the average depth of cut. In order to validate the analytical results, a chatter detection test is performed. Proposed damper gives a very simple used tool that shows a better efficiency than similar damper presented in [18] and [19] . Frictional damper used in [18] improves the stable depth of cut up to 53% in the best case while proposed damper in this paper experimentally improves the stable depth of cut up to 100% in the best case. This damper will lead to increase the material removing rate in the milling process via increasing stable chatter free depth of cut. It can also cause better surface finish that is investigated here. Also, lower tool wear that will decrease the cost of machining part will be achieved.
